Ischemic stroke is a syndrome characterized by rapid onset of neurological injury due to interruption of blood flow to the brain. 1) Although mortality from ischemic stroke has declined over the last decade but it still remains the third leading cause of death as only limited therapeutically strategies exist.
Multiple mediators have been shown to cause the protective effect produced by ischemic preconditioning of brain, including adenosine, acetylcholine, catecholamines, angiotensin II, bradykinin, endothelin and opioids. [5] [6] [7] [8] [9] [10] [11] [12] Ubiquitin-proteasome system and other proteases are few of the principal enzyme systems responsible for protein degradation and has been reported to be abundantly expressed in the various cell types of the central nervous system. 13, 14) The addition of poly-ubiquitin chains to a protein results in its translocation to the proteasome, a large multi-subunit protease, which then results in its degradation. Recent in vitro reports have demonstrated the role of this ubiquitin-proteasome enzyme system as playing an essential role in rapid phase of ischemic preconditioning of cultured neurons. 15, 16) Moreover, ubiquitin-proteasome system activation is one of the important mechanisms regulating the cell death pathways in ischemic neurons. 13) And given the fact that a sub-threshold activation of various cell death pathways has been reported to contribute towards the biochemical progression of the phenomenon of preconditioning. 17) Further, a recent experimental report has indicated the involvement of ubiquitin-proteasome system activation in mediating the cardioprotective effect of different phases of ischemic preconditioning of myocardial cells. 18) Z-Leu-Leu-Phe-Chinese hamster ovary (CHO) is a cell permeable proteasome inhibitor acting on the ubiquitin proteasome enzyme system. 19) Therefore, the present study has been designed to evaluate the possible effect of Z-Leu-Leu-Phe-CHO (2 mg/kg, intraperitoneally (i.p.)), a selective inhibitor of ubiquitin proteasome system and other proteases, 19) on acute and delayed aspects of ischemic preconditioning induced protection of the mouse brain.
Various research groups have reported that an episode of severe ischemia followed by reperfusion induces a marked cell death in the rodent brain. [20] [21] [22] This cell damage has been shown to be of diffused nature and is spread throughout the brain including the hippocampus and the motor cortex. 21, 23, 24) Therefore, the assessment of cerebral infarct size using the triphenyltetrazolium chloride staining method and the quantitation of spatial memory and motor coordination using the elevated plus maze test and the rota-rod test respectively, were employed in order to assess the loss of brain structure and functions elicited by the ischemia-reperfusion injury as standardized earlier in our laboratory. [25] [26] [27] [28] MATERIALS AND METHODS Swiss albino mice of either sex weighing 25Ϯ2 g, maintained on standard laboratory diet (Kisan Feeds Ltd., Mumbai, India) and having free access to tap water were employed in the present study. They were housed in the departmental animal house and were exposed to 12 h cycle of light and dark. The experiments were conducted in a semi-sound proof laboratory. The experimental protocol was approved by institutional animal ethics committee and care of the animals was carried out as per the guidelines of committee for the pur-pose of control and supervision of experiments on animals (CPCSEA), Ministry of Environment and Forest, Government of India (Chitkara College of Pharmacy Animal Facility Registration Number: 1181/ab/08/CPCSEA).
Drugs and Chemicals Z-Leu-Leu-Phe-CHO (ZLLPC) (Sigma Aldrich Chemicals Pvt. Ltd., St. Louis, U.S.A.) and chloral hydrate (Riedel-deHaen, Germany) were dissolved in normal saline. All other chemicals used in the present study were of analar quality. All drug solutions were freshly prepared before use.
Ischemia-Reperfusion Induced Cerebral Injury Mice were anaesthetized using chloral hydrate (400 mg/kg, i.p.). A midline ventral incision was made in the neck to expose right and left common carotid arteries, which were isolated from surrounding tissue and vagus nerve. A cotton thread was passed below each of the carotid artery. Global cerebral ischemia was induced by occluding the carotid arteries. After 17 min of global cerebral Ischemia, reperfusion was allowed for 24 h. The incision was sutured back in layers. 25, 26, 29) The sutured area was cleaned with 70% ethanol and was sprayed with antiseptic dusting powder. The animals were shifted individually to their home cage and were allowed to recover overnight. Behavioural assessment of the animals was done both immediately before as well as 24 h after the surgery. During surgery, the animals were kept on a heating pad in order to maintain the body temperature so as to avoid the effect of temperature variations on the final results.
For the prior ischemic preconditioning episode, the carotid arteries were occluded for a period of 1 min followed by 1 min of reperfusion time. Three such cycles of Ischemia and reperfusion were allowed immediately before (for acute preconditioning) and 24 h before (for delayed preconditioning) the bilateral carotid artery occlusion performed for 17 min. 25) Assessment of Cerebral Infarct Size At the end of 24 h of reperfusion after global cerebral ischemia, animals were sacrificed by spinal dislocation and the brain was removed. Brain samples were immediately sliced into uniform coronal sections of about 1 mm thickness. The slices were incubated with 1% triphenyltetrazolium chloride (TTC) at 37°C in 0.2 M tris buffer (pH 7.4) for 20 min. 25, 26, 30) TTC is converted to red formazone pigment by NAD and lactate dehydrogenase and thus stained the viable cells deep red. The infarcted cells lost the enzyme as well as cofactor and thus remain unstained dull yellow. The brain slices were placed over glass plate. A transparent plastic grid with 100 squares in 1 cm 2 was placed over it. Average area of each brain slice was calculated by counting the number of squares on either side. Similarly, number of squares falling over non-stained dull yellow area was also counted. Infarcted area was expressed as a percentage of total brain volume. Whole brain slices were weighed. Infarcted dull yellow part was dissected out and weighed. Infarct size was expressed as percentage of total wet weight of brain.
Evaluation of Spatial Memory Using Elevated Plus Maze Test Assessment of cognitive behavior was done using elevated plus maze test. Plus maze consisted of two open (16ϫ5 cm) and two enclosed (16ϫ5ϫ12 cm) arms, connected by a central platform (5ϫ5 cm). The apparatus was elevated to a height of 25 cm above the floor. A fine line was drawn in the middle of the floor of each enclosed arm. All the animals were given a single trial on plus maze. Each mouse was individually placed at the end of open arm facing away from central platform of the maze. The time taken by the mouse to enter from open arm with all the four legs into the enclosed arm was taken as transfer latency time (TLT). In case the animal did not enter the enclosed arm within 90 s, it was gently pushed into the enclosed arm and TLT of 90 s was assigned to it. The animal was allowed to explore the maze for an additional 10 s after the measurement of TLT. 31) Animal was then subjected to cerebral ischemia. The animal was subjected to trials immediately before and 24 h after ischemia. TLT recorded prior to the surgical procedure served as an index of learning or acquisition, whereas TLT recorded 24 h after induction of cerebral ischemia served as an index of retrieval or memory. Utmost care was taken not to change the relative location of plus maze with respect to any object serving as visual clue in laboratory.
Evaluation of Motor Coordination Using Rota-Rod Test Rota rod has been used to evaluate motor coordination by testing the ability of mice to remain on revolving rod. 25, 27, 32) The apparatus consisted of horizontal rough metal rod of 3 cm diameter attached to a motor with variable speed. This 70 cm long rod was divided into four sections by wooden partitions. The rod was placed at a height of 50 cm to discourage the animals to jump from the rotating rod. The rate of rotation was adjusted to allow the normal mice to stay on it for 5 min. Each mouse was given five trials before the actual reading was taken. The animals staying on revolving rod for period of 5 min before the surgical procedure were selected and the test was again performed after 17 min of global cerebral ischemia followed by 24 h of reperfusion.
Experimental Protocol (Fig. 1 ) In total seven groups were employed in the present study and each group consisted of 7 animals. Sham Group (Group I) Mouse was subjected to surgical procedure and carotid arteries were isolated and thread was passed below it but the arteries were not occluded. After 17 min, threads were removed and the animal was sutured back and allowed to recover for 24 h.
Control Group (Group II) Each mouse was subjected to 17 min global cerebral ischemia followed by reperfusion for 24 h.
ZLLPC Control Group (Group III) Mouse was administered ZLLPC (2 mg/kg, i.p.) 30 min prior to carotid artery isolation. Rest of procedure was same as described for group II.
Acute Ischemic Preconditioning Group (Group IV) Mouse was subjected to three cycles of 1 min of carotid artery occlusion followed by a reperfusion period of 1 min each. This was immediately followed by 17 min of global cerebral ischemia and 24 h reperfusion.
ZLLPC Treated Acute Preconditioning Group (Group V) Mouse was administrated ZLLPC (2 mg/kg, i.p.) 30 min prior to carotid artery occlusion. Rest of procedure was same as described for group IV.
Delayed Ischemic Preconditioning Group (Group VI) Mouse was subjected to three cycles of 1 min of carotid artery occlusion followed by a reperfusion period of 1 min each. After an intervening period of 24 h a 17 min of global cerebral ischemia and 24 h reperfusion was done.
ZLLPC Treated Delayed Preconditioning Group (Group VII) Mouse was administrated ZLLPC (2 mg/kg, i.p.) 30 min prior to carotid artery occlusion. Rest of procedure was same as described for group VI.
Statistical Analysis The results were expressed as meanϮstandard error of means (S.E.M.). Statistical analysis for all the results was done using one-way ANOVA followed by Tukey's multiple range test as post-hoc analysis. A value of pϽ0.05 was considered to be statistically significant.
RESULTS

Effect of Treatments/Procedures on Ischemia and
Reperfusion Induced Cerebral Infarct Size Global cerebral ischemia followed by reperfusion produced a significant (pϽ0.05) increase in cerebral infarct size, when compared to sham group, measured by volume and weight method. Acute as well as delayed ischemic preconditioning significantly (pϽ0.05) attenuated ischemia and reperfusion induced increase in cerebral infarct size. Further, ZLLPC (2 mg kg Ϫ1 , i.p.) prevented both acute as well as delayed ischemic preconditioning induced decrease in cerebral infarct size. However, ZLLPC (2 mg kg Ϫ1 , i.p.) per se did not affect the ischemia and reperfusion induced alteration in cerebral infarct size. The effect of ZLLPC was identical on cerebral infarct size measured by volume and weight method (Figs. 2, 3) .
Effect of Treatments/Procedures on Ischemia and Reperfusion Induced Impairment of Memory
Sham group animals showed a significant decrease (pϽ0.05) in day 2 (24 h after ischemia) TLT, when compared to their day 1 TLT (immediately before ischemia), indicating normal retrieval of memory. On the other hand, control group animals undergoing global cerebral ischemia of 17 min followed by reperfusion for 24 h produced a significant increase (pϽ0.05) in day 2 TLT when compared to the day 2 TLT of animals of the sham group, indicating impairment of memory. Acute as well as delayed ischemic preconditioning significantly (pϽ0.05) attenuated ischemia and reperfusion induced increase in the day 2 TLT in the ischemic preconditioning groups as compared to the day 2 TLT of animals belonging , i.p.) prevented both acute as well as delayed ischemic preconditioning induced attenuation of memory impairment associated with ischemia-reperfusion injury quantitated in terms of the day 2 TLT data. However, ZLLPC (2 mg kg Ϫ1 , i.p.) per se did not affect the ischemia and reperfusion induced alteration in TLT (Fig. 4) .
Effect of Treatments/Procedures on Ischemia and Reperfusion Induced Impairment of Motor Performance Global cerebral ischemia followed by reperfusion produced significant motor incoordination (pϽ0.05) in mice measured by rota-rod test as compared to that of sham group animals. Acute as well as delayed ischemic preconditioning markedly prevented (pϽ0.05) ischemia-reperfusion induced motor incoordination. Moreover, ZLLPC (2 mg kg Ϫ1 , i.p.) treatment per se did not cause any change in ischemia and reperfusion induced motor incoordination. On the other hand, it significantly (pϽ0.05) attenuated beneficial effect of both acute and delayed ischemic preconditioning on ischemia-reperfusion induced motor incoordination (Fig. 5) .
DISCUSSION
Global cerebral ischemia and reperfusion model employed in the present study is reported to simulate the clinical situation of cerebral ischemia. 21, 22) Cerebral ischemia has been reported to impair memory because hippocampal neurons are susceptible to the deleterious effects of ischemia and reperfusion 21) and hippocampus is involved in the regulation of memory. Cerebral ischemia is further documented to impair motor ability as well. 23) Therefore, in the present investigation we employed elevated plus maze test to assess memory and rota-rod test for evaluation of motor coordination. Further, cerebral ischemia has been shown to induce neuronal cell death of diffused nature, spread throughout the brain. The extent of ischemic cell death in the brain is established to be reliably reflected by the infarct size estimation done using the triphenyltetrazolium chloride staining method. Further, the extent of tissue damage has been reported to be directly proportional to the severity and period of the ischemic insult. [25] [26] [27] 30, 32) In our study, global cerebral Ischemia reperfusion produced a significant rise in infarct size and induced impairment of memory as well as of motor coordination. These findings are in line with earlier reports. 25, 30) Moreover, in the present study, acute and delayed ischemic preconditioning was observed to prevent ischemia and reperfusion induced cerebral infarct size and impairment of memory and motor incoordination, which is in concordance with earlier findings. [25] [26] [27] 30, 32) The ischemic preconditioning induced reduction in the overall infarct size indicated a markedly reduced extent of neuronal cell death inspite of 17 min of complete bilateral artery occlusion, suggesting a marked protective influence of preconditioning.
Ubiquitin-proteasome system (UPS) and other proteases are few of highly conserved biochemical pathways responsible for protein metabolism in the cell. The UPS consists of proteins like ubiquitin which are activated in an ATP-dependent reaction by the E1 ubiquitin-activating enzyme and appended to target proteins by the successive action of E2 ubiquitin-conjugating enzymes, E3 ubiquitin ligases and E4 chain elongation factors. Conjugation of multi-ubiquitin chains target proteins for degradation by the 26S proteasome, whereas mono-ubiquitination modifies protein activity and endosomal sorting.
33) The proteasome system has been noted to be an essential component for not only growth and development of immature neurons but is also a critical mediator of synaptic adaptability in mature neurons. It has been further proposed to play a pivotal role in the pathogenesis of both acute as well as delayed aspect of ischemic cell change in the neurons of the central nervous system. 33, 34) The ubiquitin-proteasome system is responsible for the degradation of most intracellular proteins, including those that control cell cycle progression, apoptosis, signal transduction and the nuclear factorkappa B (NF-kB) transcriptional pathway. Many of these systems controlled by the UPS including p53/mitogen-activated protein (MAP)/extracellular signal-regulated kinase (ERK) Kinase, heat shock proteins, inflammatory cytokines, phosphoinositide-3-kinase/PTEN/Akt, nuclear factor kappa-B, Bcl-2, neuropeptides, protein kinase-c and nitric oxide synthaeses have also been shown to mediate the effect of ischemic preconditioning. 26, 27, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Moreover, certain studies on neuronal cell cultures have indicated the potential involve- ment of UPS in causing ischemic preconditioning of brain. 15, 16 ) Therefore, the authors tested the potential hypothesis that the activation of UPS and other proteases might be involved in mediating the protection afforded by both acute as well as delayed phases of ischemic preconditioning. This contention was supported by our present study in which Z-Leu-Leu-Phe-CHO (2 mg/kg, i.p.), a selective inhibitor of ubiquitin proteasome system and other proteases, 19) attenuated the neuroprotective effect of both acute as well as delayed aspect of ischemic preconditioning of brain. Therefore, based on the present experimental data, it may be suggested that both the immediate as well as prolonged aspects of the beneficial effects of ischemic preconditioning in global cerebral ischemia and reperfusion induced neuronal injury may be ascribed to the activation of ubiquitin proteasome system and other protease-linked biochemical events. However, the detailed dissection of the complete transduction systems leading to ubiquitin proteasome system activation based protection of ischemic preconditioning still requires an exhaustive experimental assessment.
Moreover, ubiquitin-proteasome pathway based rapid degradation of Bim, a member of the pro-apoptotic Bcl-2 family, has been proposed to mediate short-term ischemic tolerance in cultured neurons. 15, 16) At sub-cellular level, ischemic preconditioning induced activation of ubiquitin proteasome system has been shown to promote the degradation of two actin-binding proteins undergoing ubiquitination which include myristoylated, alanine-rich C-kinase substrate (MARCKS) and fascin. This loss of structural integrity of actin-binding proteins promotes actin reorganization in the postsynaptic density and transient retraction of dendritic spines. This rapid and reversible synaptic remodeling reduced (NMDA)-mediated electrophysiological responses and renders the cells refractory to NMDA receptor-mediated toxicity, which is one of the principal mechanisms leading to ischemic cell death. 16) However, the extent to which the above mechanisms mediate the phenomenon of acute as well as delayed ischemic preconditioning is an unresolved problem that merits a yet another experimental investigation.
On the basis of above discussion, it may be concluded that both acute as well as delayed ischemic preconditioning exerts neuroprotective effect, possibly mediated through the activation of ubiquitin proteasome system and other proteases. Nevertheless, further studies are needed to affirm this biochemical transduction system that might be ultimately leading to the protection served by ischemic preconditioning of brain. 26, 27) 
